Hax-1 is a protein involved in regulation of different cellular processes, but its properties and exact mechanisms of action remain unknown. In this work, using purified, recombinant Hax-1 and by applying an in vitro autoradiography assay we have shown that this protein binds Ca 2+ . Additionally, we performed structure prediction analysis which shows that Hax-1 displays definitive structural features, such as two α-helices, short β-strands and four disordered segments.
INTRODUCTION
Hax-1, a 35 kDa protein, was originally identified in lymphocytes as a factor interacting with HS-1 (hematopoietic specific protein 1), possibly involved in signal transduction, leading to B-cell proliferation or apoptosis (Suzuki et al., 1997) . Its deficiency is associated with severe congenital neutropenia (Klein et al., 2007) , while its overexpression has been detected in several tumors (Trebinska et al., 2010) . Further studies have revealed antiapoptotic properties of Hax-1 (Chao et al., 2008; Cilenti et al., 2004; Han et al., 2006 , Kang et al., 2010 , as well as its involvement in regulating cell migration (Radhika et al., 2004; Ramsay et al., 2007) and associations with the cytoskeleton (Gallagher et al., 2000) . Hax-1 was also shown to bind mRNA (Al-Maghrebi et al., 2002; Sarnowska et al., 2007) , which suggests that it may influence the fate of transcripts, and act as a regulatory protein operating at the posttranscriptional level. Thus, Hax-1 represents a multifunctional factor involved in the regulation of pivotal cellular processes, but its mechanisms of action remain elusive, and no specific molecular function, except for binding to a plethora of factors (proteins and RNA molecules), has been assigned to this protein (Fadeel & Grzybowska, 2009) .
It is noteworthy that Hax-1 lacks homology to any known protein. Initially, it was thought to possess homology domains resembling BH domains of the Bcl-2 family of apoptotic regulators (Suzuki et al., 1997) , but this finding was demonstrated to be at least debatable (Jeyaraju et al., 2009; Kokoszynska et al., 2010) . The only unquestionable features of Hax-1 appear to be: an acidic domain (30-40 aa) exclusively composed of aspartic and glutamic acid residues, and a PEST sequence, which was shown to be a functional degradation signal (Li et al., 2012) . The existence of a transmembrane domain at the C-terminus of the protein was also discussed, but it appears to be smaller than the analogous domain of the Bcl-2 family of proteins (Jeyaraju et al., 2009) . Thus, it is arguable if this hydrophobic region can anchor the protein in the mitochondrial or endoplasmic reticulum membranes. Additionally, a previously-made bioinformatic analysis suggested the existence of a potential single EF-hand calcium-binding site in Hax-1 (Kokoszynska et al., 2010) . Calcium-binding capabilities of Hax-1 could be crucial for its biological activity, and an in vitro verification of these in silico results may lead to a breakthrough in the Hax-1 functional studies. To date, Hax-1 has been reported to bind several calcium-regulating proteins, including phospholamban (PLN) and a calcium pump SERCA2, which is important for maintaining calcium homeostasis in the endoplasmic reticulum and also affects calcium-dependent apoptosis (Vafiadaki et al., 2009; Vafiadaki et al., 2007; Trębińska et al., 2014) . Additionally, in a recent report (Hirasaka et al., 2016) , the C-teminal domain of Hax-1 was shown to undergo a calcium-induced conformational change, which facilitates UCP3-Hax-1 complex formation. In contrast to earlier results (Kokoszynska et al., 2010) , the authors have suggested that Ca 2+ may bind to the C-terminal region of Hax-1. In order to further analyze Hax-1 properties, it is necessary to obtain Hax-1 in its soluble and untagged form.
Hax-1 overexpression in bacteria is quite challenging, since it may impair growth of some bacterial strains and is often deposited in inclusion bodies. Previously, our group established conditions for purifying a rat recombinant Hax-1 protein (Sarnowska et al., 2007) . In this work, His-tagged Hax-1 was fused to thioredoxin to enhance solubility of the protein. Such a big tag could have potentially impaired functional properties of the recombinant Hax-1 protein. Therefore, we developed an optimized procedure, that allows an isolation of untagged Hax-1 protein, thus, making it potentially suitable for functional or structural analyses. Such research is pivotal to explain how Hax-1 functions at the molecular level, since current knowledge on Hax-1 structure and its physical properties is scarce. Herein, we demonstrate calcium-binding properties of the purified protein, which may shed new light on Hax-1 functional studies. Moreover, we present a structure of this protein, which we obtained using an in silico analysis.
MATERIALS AND METHODS
Plasmid constructs. Generation of the pET201_ TRX_Hax-1_6xHis expression vector containing rat Hax-1 cDNA (variant I) has been previously described (Sarnowska et al., 2007 tor in order to group the two tags together and cleave off the pure protein product. This construct was generated in two steps: in the first step, Hax-1 cDNA was amplified, using pET201 TRX_Hax-1_6xHis as a template, with a reverse primer containing the HindIII site (5'-aagcttTCACTATCGGGACCGAAACCAAC-3'), introducing stop codons between Hax-1 and 6xHis-tag (sequence), destroying protein fusion at the C-terminus and a forward primer without modifications, containing BamHI site (5'-CATggatccGAGCGTCTTTG-3'). The PCR product was cloned into pET201_TRX_Hax-1_6xHis cleaved with BamHI and HindIII, replacing the previous rat Hax-1 cDNA clone and generating the construct encoding rat Hax-1 fused to thioredoxin, but without the His-tag (pET201_TRX_Hax-1). In the second step, 6xHis-tag was introduced at the N-terminus of the fusion protein, using the 6xHis-tag-encoding forward primer, containing NdeI site (5'-AcatatgCAT-CATCACCATCACCACATGACTAGTGATAAAAT-TATTC-3') and the reverse primer, containing BamHI site (5'-CAACggatccATGCTAGCCTTGT-3') to generate the PCR product. This product was cloned into the pET201_TRX_Hax-1 vector, using restriction sites NdeI and BamHI. We named the resulting expression vector pET201_6xHis_TRX_Hax-1. All cloning steps were verified by sequencing. Overexpression in bacteria and protein purification using NiNTA resin. Overexpression in E. coli BL21 DE3. The procedure was carried out as described by Sarnowska and coworkers (2007) , with modifications. Plasmids pET201_TRX_6xHis (encoding only thioredoxin with His tag) and pET201_6xHis_TRX_Hax-1 were freshly transformed for each isolation into the BL21 DE3 E. coli strain. 100 ml of LB medium, containing 100 mg/ml ampicilin, and 12.5 mg/ml chloramphenicol was inoculated with 1 ml of the transformation mixture, without plating. After 16 hours of growth in an orbital shaker (37ºC, 210 rpm), 3 ml of the overnight culture was used to inoculate each of 300 ml LB supplemented with 100 mg/ml ampicilin and 12.5 mg/ml of chloramphenicol. Bacteria were grown at 37ºC until the optical density of the culture at 600 nm (OD) was between 0.4-0.6. The bacterial culture was induced with 1mM IPTG and carried out for 2.5 hours. Every 30 minutes, a 0.5 ml sample was removed from the culture to assess the efficiency of induction. Bacterial cultures were harvested by spinning down at 7500 × g for 15 min. The medium was aspirated and the pellets were frozen at -70ºC for further processing.
Protein purifiction. The experiment was performed according to the Qiaexpressionist handbook instructions (Qiagen), with modifications. Cells were re-suspended in a lysis buffer, modified by the addition of Triton X-100 to enhance protein solubility (50 mM NaH 2 PO 4 · 12H 2 O, 300 mM NaCl, 5 mM imidazol, 0.5% Triton X-100, pH 8.0) with lysozyme 1mg/ml (Sigma) and a protease inhibitor cocktail (cOmplete™, EDTA-free Protease Inhibitor Cocktail, Roche) and subsequently broken-up by sonication in an ice bath for short pulse of one second followed by three seconds pause for a total sonication time of 16 min. Cell debris was collected by centrifugation (20 000 × g at 4ºC for 45 min) and the supernatant was filtered using a 0.45 mm pore size (Millipore) followed by incubation with 1.5 ml NiNTA resin (Qiagen) that had been pre-equilibrated with the lysis buffer. Binding to resin was conducted for 1 hour at 4ºC on a rotary mixer. Afterwards, the resin was washed three times with 8 ml of a Wash Buffer (50 mM NaH 2 PO 4 · 12H 2 O, 300 mM NaCl, 20 mM imidazole, pH 8,0) and eluted with a high concentration of imidazole in the elution buffer (50 mM NaH 2 PO 4 · 12H 2 O, 300 mM NaCl, 250 mM imidazol, pH 8.0).
Enterokinase digestion. Enterokinase digestion was performed "on beads", using EnterokinaseMax (EKMax, Invitrogen). During the last steps of protein purification, after the resin had been washed three times with a wash buffer, the beads were subjected to additional 2 washes with 2× beads volume (3 ml) and with the native binding buffer without NaCl (50 mM NaH 2 PO 4 , 10 mM imidazole). After the last wash, 450 µl of the same buffer was supplemented with 50 ml of 10x EKMax™ Reaction Buffer (500 mM Tris-HCl, pH 8.0, 10 mM CaCl 2 , 1% Tween-20) and 10 ml of EKMax™. The resin was settled-down by gravity. Cleavage conditions were as follows: at 4ºC, for 12 and 16 hours, and at 37ºC, for 12 and 16 hours. The tag-free Hax-1, as the cleaved product, was released from the resin with the digestion buffer.
Western blot. Proteins were extracted by incubation with the Laemmli loading buffer at 98ºC for 10 min, separated by electrophoresis on a 12% SDS-polyacrylamide gel and electro-transferred onto a PVDF membrane (Millipore). Western-blot analyses were performed using WestPico, (Pierce), according to the manufacturer's instructions. Antibodies used were: mouse anti-HAX1 primary antibody (1:250, BD Biosciences), HRP-conjugated anti-mouse secondary (1:10 000, Abcam).
Ca 2+ binding assay. The experiments were performed as described by Maruyama and coworkers (1984) . Briefly, after SDS-PAGE electrophoresis in 15% polyacrylamide gel, proteins were electroblotted onto nitrocellulose (Millipore, 0.45 µm pore size) and washed three times for 20 min, each in 60 mM KCl, 5 mM MgCl 2, 10 mM imidazole-HCl (pH 6.8). The membrane was then incubated for 10 min in the same buffer but to which 0.4 mCi/ml (without the carrier) 45 CaCl 2 had been added, washed in H 2 0 for 5 min, and air-dried. The 45 CaCl 2 was purchased from Perkin Elmer (Calcium-45 Radionuclide, 10.70 mCi/mg, concentration 17.70 mCi/ml, 655.02 Mbq/ml, Calcium Chloride in Aqueous Solution). Autoradiographs of the 45 Ca 2+ -labeled proteins were obtained by exposure to an Amersham Hyperfilm TM ECL in an Amersham autoradiography cassette, equipped with intensifying screens, for 28 days at -70ºC. Proteins bound to nitrocellulose were detected by staining with PonceauS (Sigma). Calmodulin (Sigma), was used as a positive control. The amounts of proteins were calculated using ImageJ software based on PonceauS staining, with reference to calmodulin. The calculation was done according to the guidelines found at http://www.di.uq.edu.au/sparqimagejblots.
Structure prediction analysis. Secondary structure prediction was performed using the PredictProtein 2013 (Technical University of Berlin, Germany) (Yachdav et al., 2014) https://www.predictprotein.org/. Disordered regions were detected using PONDR (Predictor of Natural Disordered Regions) http://www.pondr.com/.
In silico computation of the secondary and tertiary structure of the rat Hax-1 followed by the estimation of its potential biological function, involving predictions of Gene Ontology (GO) and ligand binding sites, were carried out using the I-TASSER meta server, a unified platform for automated protein structure and function predictions (http://zhanglab.ccmb.med.umich.edu/I-TASSER/) (Roy et al., 2010; Yang et al., 2015 , Zhang 2008 . The 3-dimensional model of Hax-1 was visualized in the Swiss-PdbViewer and animated with recordMyDesktop and Kdenlive software.
RESULTS

Hax-1 overexpression, purification and tags removal
The pET201_6xHis_TRX_Hax-1 construct (Supplementary Fig. 1 at www.actabp.pl) was used to transform the BL21 E.coli strain. Protein purification was performed on the NiNTA resin under native conditions. The results of induction and elution are presented in Fig. 1A , B. Additionally, thioredoxin with 6xHis-tag was generated using the same procedure and the relative yield of the two proteins was compared for further experiments (Fig. 1C) . Hax-1 overexpression in BL21 E. coli was followed by incomplete purification, up to three washes, and stopped before elution. The protein at this point was bound to the resin and the impurities were washed off. The next step consisted of on-resin cleavage with a specific enterokinase digestion buffer, under different duration and temperature conditions ( Fig. 2A) . After cleavage, the tags remained bound to the resin while the cleaved protein was collected in the flow-through fraction (Fig. 2B) . Subsequent elution resulted in a mixture of the double-tagged and untagged Hax-1 protein. The presence of untagged protein in the mixture is addressed in the discussion section.
Binding of Ca 2+ by purified Hax-1
The recombinant Hax-1 protein with the thioredoxin tag and the His-tag were used in a calcium-binding assay (Fig. 3A) . To eliminate the possibility that the thioredoxin tag bestows calcium-binding properties upon the recombinant protein, a control sample with purified thioredoxin (similar amount as in Hax-1 sample, estimated by Coomassie staining) was measured likewise, showing a slight band, compared to a relatively strong signal obtained for the recombinant Hax-1 protein. However, since the differences were not very pronounced, when estimated by PonceauS staining, the results could not be considered as conclusive. To provide further evidence that untagged Hax-1 can bind Ca 2+ , an experiment was carried out using a mixture of the double-tagged and untagged protein, obtained in the eluate after enterokinase cleavage. A mixture of the two proteins from the elution step was used in this experiment, because it contained higher amounts of the untagged Hax-1 protein than the homogenous, untagged protein preparation. The identity of the protein products was determined by Western blotting. Since the two proteins were separated on a polyacrylamide gel and then transferred onto a membrane for an incubation with the 45 Ca 2+ isotope, signals from the tagged and untagged protein can be easily distinguished (Fig. 3B ).
Structure prediction analysis
Secondary structure prediction for the rat and human Hax-1 demonstrates that the protein displays only a very few definite structural features, with two alpha helices flanking the protein ends, and short beta strands towards the C-terminal region of the protein (138-170 aa) ( Supplementary  Fig. 2 at www.actabp.pl). A substantial part of the protein was predicted to be disordered. The PONDR (Predictor of Natural Disordered Regions) analysis of the Hax-1 sequence revealed that four disordered segments comprised about 41% of the protein, with the longest disordered segment of 31 aa present at the C-terminal region (152-182 aa) ( Supplementary  Fig. 3 at www.actabp.pl) . (A) Induced expression of the recombinant Hax-1 protein (bacterial lysate). Molecular weight marker: Precision Plus Protein Dual Color Standards, lanes: 1. bacterial lysate before induction 2. 0.5 hour without induction-control 3. 0.5 hour after induction with IPTG 4. 1 hour without induction-control 5. 1 hour after induction with IPTG 6. 1.5 hour without induction-control 7. 1.5 hour after induction with IPTG 8. 2.5 hours without induction-control 9. 2.5 hours after induction with IPTG. (B) Protein purification steps; lanes: 1. cell pellet in a urea buffer, 20 ml 2. bacterial lysate, 25 ml 3. cell supernatant, 25 ml 4. wash #1, 25 ml 5. elution, 30 ml (C) Recombinant Hax-1 and thioredoxin samples compared for equal loading estimation, lanes: 1. Recombinant Hax-1 protein after elution: 10 ml, 2. Thioredoxin after elution, not diluted, 10 ml. 3 . protein collected in digestion buffer, after "on-beads" enerokinase cleavage, no elution, 4-6. elution after cleavage, lanes 1 and 4: 4ºC, 16 hours, lanes 2 and 5: 37ºC, 12 hours; 3 and 6: 37ºC, 16 hours.
Next, the sequence of the rat Hax-1 protein (278 aa; NCBI Acc. no. NP_853658.1) was used as a query for the I-TASSER meta server. Secondary structure predictions of the protein made by this server are very roughly consistent with those generated by the PredictProtein 2013 algorithm. This analysis was followed by calculating five 3-dimensional models. The best model of Hax-1 had a C-score of -2.47. Typically, this parameter ranged from -5 to 2, and the higher value signifies models with higher confidence. The estimated accuracy of the model, measured by the TM-score, was 0.43±0.14. A TM-score higher than 0.5 indicated that the model had the correct topology.
Predicting gene ontology (GO) revealed that Hax-1 may be a GTP-binding protein, and exhibits a GTPase activity (both GO-scores equaled 0.62). The GO-score is defined as the average weight of the GO-terms, where the weights were assigned based on the global and local similarities between the query and the template protein. Predictions with the GO-score>0.5 were treated as highly reliable. As to the ligand-binding capabilities of the protein, the calculations made by the I-TASSER meta server suggested that it was equally probable that Hax-1 binds to one of the following partners: N-acetyl-L-cysteine, peptides, Zn 2+ or Ca 2+ . All of these potential interactions had the same C-score of 0.05. In Fig. 4 , one can find the best 3-dimensional structure of rat Hax-1, generated by I-TASSER, with indicated six amino acids that may be involved in Ca 2+ binding. Additionally, an animation of the same protein model is provided in the Supplement (Video 1 at www.actabp.pl).
DISCUSSION
The Hax-1 protein has been implicated in many cellular processes and protein-protein interactions, but knowledge about its structure and mechanisms of actions remains elusive. Efficient overexpression and purification of this protein should be the first step towards crystallization or other approaches to elucidate its structure and biophysical properties. Herein, we present a method for overexpression and purification of the untagged Hax-1 protein. This method is a modification of the previously described procedure, with the expression vector allowing for one-step tags' removal. The cleavage yielded very low amount of untagged protein. Instead, the elution yielded not only the uncleaved, tagged protein, but also the cleaved, untagged Hax-1. The plausible explanation could be that the cleaved product was not efficiently transferred to the digestion buffer. Thus, a mixture of the tagged and untagged Hax-1 protein was used in the autoradiography assay. Eluted proteins were separated in a polyacrylamide gel, so the recombinant protein with a large thioredoxin tag (50 kDa) could be easily distinguished from the untagged protein (35 kDa). Each form of the protein gave a relatively strong signal coming from bound 45 Ca 2+ . In a recent study, Hirasaka and coworkers (2016) reported the possibility of calciuminduced conformational change at the C-terminal part of Hax-1 (region of 211-280 aa). The authors suggested that Hax-1 has calcium binding capabilities, but no direct evidence was provided. As pointed out earlier (Results, Structure prediction analysis), the structure prediction for Hax-1 revealed only a few short segments of a possible well-defined structure, while a substantial portion of the protein was predicted to be unstructured and disordered. It is known that intrinsically disordered proteins (IDPs) may acquire a specific conformation upon binding to their targets (Dyson & Wright 2005) . IDPs are especially numerous among signaling and cancer-associated proteins (Ganguly & Chen 2015; Uversky et al., 2008) . Accordingly, it seems plausible, that Hax-1 adopts a fixed three-dimensional structure upon binding of Ca 2+ . Hax-1 conformational change upon binding to the target might also provide an explanation for its promiscuity in binding to many protein targets (Fadeel & Grzybowska 2009) , as was proven for other proteins, for example, the tumor suppressor protein TP53 (Wells et al., 2008) .
Due to the lack of homology and defined structural features, modeling of Hax-1 is quite challenging. Herein, we present a 3D model of the rat Hax-1 protein, computed by the I-TASSER meta server. This in silico analysis suggests that the C-terminus of Hax-1 contains a calcium-binding like motif, which is consistent with the findings by Hirasaka and coworkers (2016) . Our results advocate that Hax-1 binds Ca 2+ and that the C-terminal part of the protein might be involved in this binding. 
